Abstract Thermophilic anaerobic treatment of poultry litter produces an effluent stream of digested materials that can be separated into solid and liquid fractions for use as a crop fertilizer. The majority of the phosphorus is partitioned into the solid fraction while the majority of the nitrogen is present in the liquid fraction in the form of ammonium. These materials were tested over six years as an alternative fertilizer for the production of vegetable, fruit, and grassland crops. Application of the solids as a field crop fertilizer for vegetables and blueberries resulted in lower yields than the other fertilizer treatments, but an increase in soil phosphorus over a four-year period. Application of the digested liquids on grass and vegetable plots resulted in similar or superior yields to plots treated with commercially available nitrogen fertilizers. Hydroponic production of lettuce using liquid effluent was comparable to a commercial hydroponic fertilizer regime; however, the effluent treatment for hydroponic tomato production required supplementation and conversion of ammonium to nitrate. While not a total fertilizer solution, our research shows the effectiveness of digested effluent as part of a nutrient management program which could turn a livestock residuals problem into a crop nutrient resource.
Introduction
Animal production systems are a major source of pollution affecting the quality of water, soil and air in all US states and many nations (Williams, 1995; Ribaudo et al., 2003) . In addition, livestock and poultry operations have increased in size while nearby land is taken over by suburban sprawl, thereby reducing nearby sites for land application of manure at environmentally sound rates (Center for Agriculture in the Environment, 2005) . Farmers are then forced by economic pressures and labour constraints to apply manure at rates higher than the agronomic recommendations resulting in additional environmental stress (Sutton et al., 1995) .
Government agencies are establishing guidelines to protect water quality and public health from animal waste pollution (Aillery et al., 2005) which will set nutrient standards for the amount of manure land applied based on crop needs. This in turn will require regions with a high concentration of animal production to haul the manure out of the area adding production costs (Gollehon et al., 2001) . Even in areas that could land apply the produced manure, problems may occur with timing of the applications and the potential liability for nutrient flows into the environment which may discourage farmers from using manure generated by local animal operations. In short, the waste generated by animal production has created a problem which has no easy solution.
One option is anaerobic digestion which has been used for many decades to degrade wastes and recover energy from organic matter (Stafford et al., 1980; Erickson, 2000) . However, digestion also produces effluents which are rich in nutrients and organic matter that could be used as a fertilizer and/or soil amendment. Previous studies have reported the use of liquids and solids from anaerobic digestion as crop fertilizers and/or soil amendments (Baines, 1970; Chung Po and Wong, 1975) , the fertilizer value of digested manure on field crops (Allen et al., 2003) , nitrogen availability of biosolids (Gilmour et al., 2003) , and digested swine waste for greenhouse tomato production (Shearin et al., 2003) and ryegrass and cabbage (Suzuki et al., 2004) . High fertilizer costs and the public demand for organically or sustainably grown products increases the possibility that a farmer might use digester effluent in production of their crops. Most of the digester work has focused on dairy or swine manures. Poultry production is the largest agricultural industry in West Virginia (USDA National Agricultural Statistics Service, 2003), which generates over 145,150,000 kg of poultry manure a year (Basden, 2003) . Our research focused on the utilization of liquid and solid effluents from anaerobic thermophilically digested poultry waste as a potential fertilizer for vegetable, fruit and grass crops in field or greenhouse production.
Methods

WVSU pilot plant digester
Digester effluent was collected from a thermophilic (56.6 8C) anaerobic biodigester with a 30-day HRT, located on the campus of West Virginia State University (WV). The feedstock for the experiments was broiler litter from wood chip based bedding. Litter was delivered to WVSU from a production house in Moorefield, WV. The litter remained in the house for one year (six flocks) before total cleanout and was stored in a litter shed for three months prior to delivery.
Raised bed trials
Forty-five raised beds (1 £ 10 m) were established for vegetable crops. Fifteen blueberry (Vaccinium corymbosum) plots 2 £ 1 m were created with three plants per bed. Five fertilizer treatments were assigned by random block method in triplicate for three crops. Soil analysis was performed from a uniformly mixed sample of ten soil probes per plot and analyzed by A & L Eastern Agricultural Laboratories (Richmond, VA, USA) for major and minor nutrients and recommendations for the next year. Plant samples were sent to MMI Labs (Athens, GA, USA) for tissue analysis as necessary. Commercial production practices for each crop were followed.
From 1999-2003 the fertilizer treatments included a control (no added fertilizer), bridge (pelletized municipal sludge; Harmony Products Co., Roanoke, VA, USA), 1 £ digested poultry solid (DPS) effluent (1 £ DPS), 2 £ DPS effluent (2 £ DPS) and commercial all-natural fertilizers specifically formulated for each crop (Gardens Alive, Lawrenceburg, IN, USA). Fertilizer application amounts were determined by equalizing the nitrogen contained within the recommended commercial fertilizer with the other fertilizers and doubling the nitrogen applied in the 2 £ DPS. The three crops were potato (Solanum tuberosum), sweet corn (Zea mays) and tomato (Solanum lycopersicum).
In 2004, two of the treatments, bridge and commercial all-natural fertilizers, were changed to organic (OMRI approved) and chemical fertilizers, respectively. In addition, digested poultry liquid (DPL) effluent (1 £ DPL and 2 £ DPL) was used in place of DPS effluent. Fertilizer applications were determined by equalizing the nitrogen based on crop and soil recommendations for each crop and plot for the organic, chemical and 1 £ DPL. The 2 £ DPL treatment contained twice the amount of nitrogen as the 1 £ DPL. The three crops were potato, broccoli (Brassica oleraceae) and tomato. design. Each fertilizer was applied at the rate of 2 kg N/100 sq m, with the exception of the control (no fertilizer) and the 1 kg N/100 sq m DPL -low application. Fertilizers were applied three times per year, 1/3 in spring and 2/3 in the fall.
Sixteen 3 £ 4 m hay plots with four treatments in a randomized block design were studied in 2002 and 2003. Botanical composition was primarily composed of tall fescue, orchard grass (Dactylis glomerata), and red clover (Trifolium pratense). One treatment received urea (57 kg N/ha), the second received raw poultry litter at the same nitrogen rate, the third raw poultry litter 2 £ (114 kg N/ha), and the fourth no fertilizer in the spring of 2002. After the first cut in 2002 and again before the first cut in 2003, eight plots received DPL at the rate of (57 kg N/ha), and eight plots received urea at the same rate; two from each 2002 first cut treatment received urea and two received DPL. Harvested material's fresh weight and dry weight were recorded.
Hydroponic crop trials
Hydroponic trials using the liquid effluent as an alterntive fertilizer were assessed for the production of lettuce and tomatoes using procedures outlined in Liedl et al. (2004a, b) . The nitrogen status of the DPL effluent was assayed by chemical analysis of ammonia using Hach method 10031. Samples were sent to A&L Eastern Laboratories (Richmond, VA, USA) or MMI Labs (Athens, GA, USA) for fertilizer component and tissue analysis to diagnose and correct deficiencies and toxicities of major and minor nutrients.
Data collection and analysis
Harvested fruit/tuber number, weight, and/or diameter were collected for each crop according to the USDA guidelines and analyzed to establish fertilizer effects. Data was analyzed for ANOVA and Duncan's Multiple Range Test for mean separation using NCSS 97 (NCSS Statistical Software, Kayesville, UT, USA) and/or SAS Learning Edition (SAS, Cary, NC, USA).
Results and discussion
Raised bed trials Soil. Effluent from anaerobic thermophilic digestion is dependent on the feed source and digester operating conditions. Tables 1 and 2 are examples of component analysis from DPS and DPL. DPS is a solid but contains between 70 and 80% moisture. Ammonium is the predominant form of nitrogen found in both effluents. Phosphorus, calcium and magnesium are predominantly found in DPS. As in fertilizer terms, these two examples have N-P 2 O 5 -K 2 O content of 1-4.5-1.6 for DPS and 2.1-1-4.3 for DPL. This separation of nutrients allows better nutrient management than land application of undigested or composted animal residuals. For example, phosphorus limited land could benefit from DPS application, while land with adequate phosphorus should use DPL. High concentrations of potassium are found in both effluent types and this is due in part to using poultry litter with bedding used for multiple flocks. DPL has only about 10% of the manganese, copper and zinc found in DPS. So, in addition to nutrient management, the DPS concentrates more of these potentially harmful metals than DPL. Organic matter increased in the soil when treated with DPS, but was reduced when DPL was used (Figure 1 ). In 2003, cover crops were used on all the plots, which equalized the organic matter content of all the plots as evidenced by the results in 2004. Plots treated with DPS showed a statistically significant increase in phosphorus levels, both available and reserve, in 2002 and 2003 over the other fertilizer treatments to the point that excessively high phosphorus levels were present (Figure 2 ). Switching to DPL effluent in 2004, which had a higher proportion of nitrogen to phosphorus than DPS, reduced the available phosphorus from the 2003 level, while reserve phosphorus remained high. During the years of DPS application, potassium decreased in all treatments, but treatments with DPL in 2004 increased in potassium to levels that were statistically significant when compared to other treatments (Figure 3 ). This was expected as the DPL contains more potassium than DPS. Magnesium (Figure 4 ) and manganese (data not shown) levels in the soil show a decrease over the years, but plots treated with DPS or DPL maintained more magnesium than the other treatments. A statistically significant increase in copper ( Figure 5 ) and zinc Figure 1 (data not shown) was also found in 2 £ DPS/L beds over all other treatments. No significant trends were seen for the other parameters tested compared to control or other fertilizer plots.
Yield. Potato fresh weight was statistically significant from the control for only one of the five years DPS was used as a treatment ( Figure 6 ). Tomato fresh weight yield was significant for three of the five years with 2 £ DPS being the best treatment. The 1 £ DPS application was usually statistically lower than the other three fertilizers and in one instance it yielded less than the control. This suggests tomato may discriminate nutritional factors from the fertilizer treatments ( Figure 7 ). Corn fresh ear weight and number of ears showed clear response to fertilization in 2002 and 2003 compared to the untreated control, but the commercial and bridge fertilizers were statistically better than either DPS application rate for both parameters (Figure 8 ). Blueberry yield did not show significant differences between treatments with applications of DPS. This may be due to the fact it is a perennial crop and was not well established before the fertilizer treatments began. In 2004, potato fresh weight was significantly different for 2 £ DPL treatment over the other three treatments (Figure 9) . DPL effluent applied at twice the recommended nitrogen rate was the best treatment statistically for the number of marketable tomatoes produced per plant (Figure 10) . Results with broccoli are limited, but fresh weight (Table 3 ). The DPL is as effective as a nitrogen source for hay and turf fescue when compared to several commercial fertilizers that are specifically formulated for grasses. Results from these studies imply that the ammonium, the major nitrogen form present, in the digester liquid is not readily volatilized as would normally occur in liquid manures spread on fields. Normally high ammonia fertilizers are soil injected to prevent ammonia loss to the atmosphere. For unexplained reasons the digested liquid may not require this specialized application method.
Hydroponic crop trials
Three levels of effluent were chosen based on nitrogen levels compared to a commercial fertilizer. Increasing concentrations of effluent were detrimental to shoot fresh weight and produced bitter tasting lettuce (Liedl et al., 2004a) . Lower effluent concentrations produced shoot fresh weight not statistically significant from those produced in a commercial solution (Figure 13 ). In contrast, root fresh weight increased with higher concentrations of effluent (data not shown).
Hydroponic tomato plants fertilized with diluted DPL grew slowly and produced fewer and smaller tomatoes due to the high amounts of ammonia (Liedl et al., 2004b) . This finding was not surprising as tomatoes are known to be sensitive to ammonia even 
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at low levels (Pill and Lambeth, 1977; Pill et al., 1978; Jones, 1999) . New plants were exposed to DPL with at least 75% of the ammonia removed to address the ammonia toxicity problem. In addition, calcium nitrate was added to equalize the nitrogen with the commercial fertilizer treatment. After a few weeks of growth, additional supplements of magnesium sulfate and a chelator were found to be necessary for production at a level comparable to plants grown with the commercial fertilizer. The DPL modified fertilizer produced the most fruit and had a lower percentage of cull fruit, but total and average fruit weight was lower (Table 4) . Thus modifying the DPL and supplementing with magnesium and a chelator appears to function as well as a commercial hydroponic fertilizer for tomatoes. 
Conclusions
Effluent from thermophilic anaerobic digestion shows promise as an alternative fertilizer for vegetable and grass crop production. The two types of effluent, solid and liquid, have different nutrient compositions, which could be helpful in meeting nutrient management goals for farmers. For some production systems, liquid effluent will require ammonia conversion and/or supplementation for nutrients. However, short-term crops may be able to use pH adjusted effluent as a fertilizer. Anaerobic digester effluent is not a complete fertilizer for all crops, but our research shows the effectiveness of both solid and liquid effluent as part of a nutrient management program. Our approach could successfully turn the management of livestock residuals into a nutrient resource for crop production which may have the added benefit of being certified for organic use. 
